We propose to develop a high resolution positron emission tomography (PET) detector designed for animal imaging. The detector consists of a 2-D array of small bismuth germanate (BGO) crystals coupled via optical fibers to a multi-channel photomultiplier tube (MC-PMT). Though this approach offers several advantages over the conventional BGO block design, it does require that a sufficient number of scintillation photons be transported from the crystal, down the fiber and into the PMT. In this study we use simulations and experimental data to determine how to maximize the signal reaching the PMT. This involves investigating factors such as crystal geometry, crystal surface treatment, the use of reflectors, choice of optical fiber, coupling of crystal to the optical fiber and optical fiber properties. Our results indicate that using 2 x 2 x10 mm BGO crystals coupled to 30 cm of clad optical fiber, roughly 50 photoelectrons are produced at the PMT photocathode for a 5 11 keV interaction. This is sufficient to clearly visualize the photopeak and provide adequate timing resolution for PET. Based on these encouraging results, a prototype detector will now be constructed.
I. INTRODUCTION
We are attempting to develop high resolution detectors suitable for use in a 3D PET scanner designed for imaging small laboratory animals. Since spatial resolution in PET is strongly dependent on the size of the detector elements, it is important to use the smallest elements possible. The block design used in most commercial PET tomographs [ 1-31 suffers from several drawbacks which may limit its application to very high resolution PET systems. First, light sharing is used to determine the position of an event, leading to statistical uncertainty which can result in mispositioning. Second, only -44% of the 5 11 keV gamma rays interact photoelectrically, thus many of the detected events are scattered in the block. If all or most of the energy is ultimately deposited, the block detector has no way of discriminating between photoelectric events and events which undergo one or more Compton scatters. It has been suggested that the combination of these two effects adds 2 mm to the resolution one would obtain using single scintillator/PMT configurations [4] . A third problem is due to the finite width of the saw cuts. As the block elements decrease in size, the cuts become a significant fraction of the detection surface, quickly reducing efficiency. Finally, there are the engineering difficulties related to reliably cutting fine divisions in a block of BGO. For these reasons, it is worthwhile examining new approaches to improve the spatial resolution of PET detectors. This work was supported by a grant from The Whitaker Foundation Our design overcomes many of these problems by returning to what is effectively a one-to-one coupling between scintillator element and photodetector. We propose to use 2-D arrays of small BGO crystals, coupled via short lengths of optical fiber, to a MC-PMT (Fig. l) , such as the Philips XP1700 series. This PMT was designed for reading out fiber arrays and has 64 or 96 independent channels with low crosstalk [5] . This design permits small scintillation crystals to be used, while maintaining a high paclung fraction and allowing the crystal of interaction to be determined without light sharing. Events which undergo multiple interactions in the detector will contribute signal to more than one detector and can be rejected. The spatial resolution can therefore approach the limits set by the crystal dimensions and positron physics. The challenge is to get sufficient scintillation light from the BGO through the fiber and into the PMT. The purpose of this preliminary study was to optimize crystal and fiber parameters and to judge the feasibility of BGO/fiber PET detector designs.
MATERIALS AND METHODS

A. Choice of Scintillator
We believe BGO, despite its relatively poor light yield, is the material of choice for this application, as it is important to maximize the fraction of events which interact photoelectrically. Only these events deposit all their energy within a localized region, allowing the interaction position to be determined unambiguously and resulting in high spatial resolution. Table I shows the fraction of events in which both 5 11 keV gamma rays interact by the photoelectric effect (fp.e.2) for several different scintillators. It can be seen that BGO has a 60% higher probability of registering two photoelectric interactions than lutetium oxyorthosilicate (LSO). Although LSO has approximately four times the light output of BGO 0018-9499/95$4.00 0 1995 IEEE and a decay time constant which is five times faster [6], we believe the lower probability of getting photoelectric interactions would result in poorer spatial resolution and/or lower efficiency, depending on how the events scattering in the scintillator are handled. 
B. Monte Carlo Simulations
We used two sets of Monte Carlo code to track scintillation photons from their point of origin in the crystal until they escape, are absorbed, or reach the photodetector. The first package, DETECT was written at the University of Michigan [7] , the second package, PTS, was written at UCLA. Variables include geometry, scintillator characteristics (e.g. index of refraction, attenuation length of scintillation light, surface treatment) and the use of specular or diffuse reflectors. Both sets of code were used across a wide range of conditions and gave results which agreed within 5%. This suggests that the basic physics underlying the code is correct. The Monte Carlo simulations were used to screen the large number of variables, and help focus the experimental work to the most promising configurations.
C. Experimental Procedures
considerations for these prototype PET detectors. For a crystal of width w and height h: intrinsic resolution is proportional to w/2 coincidence efficiency = (1 -exp (-ph))2 depth of interaction effects increase as h increases light collection decreases as h/w2 increases number of channels per unit area increases as l/w2 A square cross-section is desirable as this gives uniform sampling in the projection data used for 3D reconstruction.
It is important to be aware of the trade-off between efficiency, spatial resolution and the amount of scintillation light collected in determining the crystal geometry. Fig. 3 shows a simulation of the number of photoelectrons (51 1 keV source) generated at the photocathode as a function of the geometry of the BGO crystal. The surfaces of the crystal were assumed to be painted with a highly reflective material with a reflectivity of 0.98. The quantum efficiency of the PMT was assigned a value of 0.18, a value typical of bialkali photocathodes at 480nm, the peak emission wavelength of BGO. The total light yield of BGO was assumed -to be 8200 ,,hotons/MeV ,81, The set-up is shown in Fig. 2 . 10-20 pCi of ISF in a needle was used to irradiate the BGO crystals (CTI, Knoxville, TN and Hilger Analytical, Margate, UK). In experiments without optical fiber, the BGO was coupled directly to a 1" round PMT using silicone optical compound of refractive index -1.45 (Loctite, Newington, CT). A support was used to ensure that the crystal was coupled over the same region of the photocathode for each experiment, eliminating variability in pulse height due to photocathode non-uniformities. A similar procedure was used when an optical fiber was placed between the BGO and the PMT to ensure accurate positioning of the fiber each time. Once again The simulations show that the number of photoelectrons generated decreases as the cross-sectional area to height ratio is reduced. The choice of BGO geometry can have a profound effect on the amount of scintillation light collected by the PMT. This is also seen experimentally. Data for 1 x 1, 1.5 x geometry ( "> 1.5 and 2 x 2 mm cross-section by 10 mm high BGO crystals are shown in Fig. 4 . The crystals had acid etched surfaces and were wrapped in five layers of teflon tape. The relative pulse heights of the photopeaks are in excellent agreement with the data in Fig. 3 . we should start with crystals which are as long as possible and which have an intrinsic resolution that is significantly better than 2 mm. Based on these considerations, we decided to fix our crystal geometry at 2 x 2 x 10 mm. This appears to strike a sensible balance between high spatial resolution, acceptable light collection and sufficient efficiency for an animal PET light coincidence intrinsic collection efficiency resolution 1.0 x 1.0 x 10" 2 x 2~1 5 2 X 2 X 2 0 3 X 3 X 5 3 x 3~1 0 3 x 3~2 0 3 x 3~3 0 Fig. 4 Energy spectra for 10 mm high BGO crystals of different cross-sections. Table I1 summarizes the light collected, the coincidence efficiency and the predicted intrinsic resolution for several possible crystal geometries. These data are based on the Monte Carlo simulations and simple calculation of detector efficiencies and spatial resolution. The intrinsic resolution assumes a 1.2 mm contribution from positron range and noncolinearity, added in quadrature. This is a reasonable estimate for F-18 labeled tracers in a small ring diameter (-16 cm) PET system. 
IV. CRYSTAL SURFACE TREATMENT
The surface treatment of the BGO crystal is important. Very highly polished crystals tend to trap a significant amount of light due to index of refraction mismatches at the interfaces. This light is internally reflected and may never enter the photodetector. Ground surfaces break up internal reflections, but in long narrow crystals such as we are proposing, result in most of the scintillation light escaping from the sides of the crystal. External reflectors can be used to direct the light back into the crystal, but there is inevitably some loss associated with the interaction of light with the reflector. These results indicate that in perfectly polished crystals, much of the scintillation light is internally trapped and cannot escape. Adding an external reflector therefore only results in a modest improvement in light collection. A ground surface gives even less signal. Although internal trapping is broken up and the reflector is highly efficient, much of the reflected light will be directed across the crystal rather than down towards the photodetector. This is because diffuse reflectors exhibit a Lambertian (cosine) distribution where the most likely direction for the reflected light is normal to the surface. This distribution is further biased towards the normal by refraction as the light re-enters the BGO crystal. The best light collection efficiency is predicted using a crystal which has perfectly polished sides, a ground top and is covered by a diffuse reflector. The ground surface on the top breaks up internal trapping and preferentially directs light down towards the photodetector. The light will be guided to the photodetector by total internal reflection from the polished reflector material no reflector teflon tape (5 layers) A1 foil sides of the crystal. This particular style of surface treatment has been previously proposed [9, 101, however the effect here is more dramatic because of the geometry of the crystals employed. Experimental results are shown in Fig. 6 . The ground top/polished sides combination does appear to give the highest signal, but the increase is small. The discrepancy between simulations and experiment is almost certainly due to the difference between the perfect plane surface in the simulations and the polished surfaces which can be obtained in practice. Even highly polished crystals exhibit microscopic surface irregularities and this is sufficient to break up the internal trapping without the need for a ground top surface.
relative signal The experiments demonstrate that the polished sides of the crystal play an important role in realizing high light collection efficiency. This raises a problem, because polishing is a timeconsuming and expensive process, especially on a large number of small crystals. We have therefore investigated acid etching of the crystals as a more practical approach to achieve smooth surfaces without incurring significant labor costs. Fig.  6 (lower right) also shows the energy spectrum from a ground crystal which has been etched in acid (50% HC1,50% HNO3) for 7 minutes. The pulse height for the etched crystal is 45% higher than the ground crystal and only 12% lower than the polished crystal. The etching process may be even better than indicated here, since the crystal dimensions are reduced by roughly 10% after etching which would reduce light output independent of surface effects (see Fig. 3 ).
v. USE OF REFLECTORS
The' reflectivity of the external reflector is also very important, as a significant fraction of the scintillation light must interact with this reflector before it can be detected by the PMT. We have examined a number of different reflectors and the results are shown in Table I11 for a polished BGO crystal. The table clearly shows that diffuse reflectors are preferable to a specular reflector such as Aluminium foil and that MgO is the best of the reflectors tested to date. Table 111 Effect of different reflectors on signal (relative pulse height) from a polished 2 x 2 x 10 mm BGO crystal.
VI. BGO/OPTICAL FIBER MEASUREMENTS
Optical fibers use the principle of total internal reflection to transmit light over large distances with relatively low attenuation. They can be made from many different materials (plastic, glass, quartz) and come in round and square crosssections. Most fibers also have an outer cladding, a thin layer of a material of lower refractive index relative to the fiber core, which helps to improve transmission. Some of the best transmission has been achieved using fibers with two layers of cladding [ 111. The numerical aperture (NA) of a fiber is defined as:
(1)
where r\&d and qCore are the refractive indices of the clad and core respectively. There are several important issues that may influence the fraction of the scintillation light exiting the BGO crystal which reaches the PMT at the end of the fiber. These include: angular distribution of light exiting BGO numerical aperture and indices of refraction of optical fiber fiber cross-section (square or round) attenuation length of optical fiber refractive index of coupling glue relative to fiber and BGO We have performed simulations and measurements to investigate these issues.
A. Monte Carlo Simulations
Monte Carlo simulations have provided some useful insights into maximizing the light transmission from BGO crystal to optical fiber. A 2 x 2 x 10 mm BGO crystal, wrapped in a reflector (~0 . 9 5 ) and attached to 30 cm of clad fiber was simulated with DETECT. A thin 0.1 mm layer of coupling grease was simulated between the fiber and the BGO. The attenuation length of the fiber core and clad were assigned I values of 200 cm and the clad/air interface was modeled as an imperfectly polished surface. This closely approximates the real situation, where light carried through the clad is quickly attenuated because of surface imperfections. The effect of varying qgease, NA, and qcore were investigated.
An interesting result is that the amount of light detected at the far end of the fiber is essentially independent of the index of refraction of the coupling grease used between the BGO and the fiber. This is shown in Fig. 7 for a fiber with qcore=1.6 and qclad=1.49. The explanation is that only the forward directed light will ultimately be transmitted down the fiber, so the index mismatch between the BGO and the coupling grease is irrelevant as long as angles within the acceptance cone of the fiber (typically 20") are passed unattenuated across the boundary. Simple geometrical calculations show this is true in all practical situations. This is an important result, as it allows any suitable coupling grease or glue to be used to couple BGO and fibers together. We can also simulate the difference in signal we would expect between placing the BGO crystal directly on a PMT and coupling it via optical fiber to the PMT. Assuming a fiber with a core index of 1.6 and a clad index of 1.49, and a polished crystal with a ground top, wrapped in a diffuse reflector (r=0.95), 29% of the photons that would have entered the PMT enter the fiber with an appropriate angle to propagate via total internal reflection between the core and clad. Fig. 9 shows experimental data from a BGO/fiber detector. The BGO crystal was polished on all sides and wrapped in five layers of teflon. It was coupled to a 30 cm length of 2 mm round fiber from Pol Hi Tech (Provac Ltd., Greensboro, NC). This plastic fiber has a core index of 1.6 and a clad index of 1.49, giving a numerical aperture of 0.55. The fiber was in turn coupled to a 1" diameter PMT. Silicone coupling compound of refractive index 1.45 was used at the BGO/fiber and fiber/PMT interfaces. A typical energy spectrum is shown in Fig. 9 and clearly shows the 5 11 keV photopeak. The spectrum from the same BGO crystal, but without the fiber is also shown for comparison. The signal from the optical fiber is 23% of that observed directly from the crystal. This is in good agreement with the 29% predicted by the Monte Carlo simulations. Based on the full width at half maximum (FWHM) of the photopeak in the BGO/fiber dataset, and making conservative estimates of the noise added by the PMT, we estimate that at least 50 photoelectrons are being produced at the photocathode. Because the spread of the photopeak also has contributions from depth of interaction effects, the mean number of photoelectrons may well be higher. where the signal increases more rapidly. This is probably due to signal being transmitted along the fiber cladding, which generally has a much shorter attenuation length. Given the current dimensions of MC-PMTs, we will be required to use 30 cm lengths of fiber to achieve a 16 cm diameter ring of 2 mm crystals without gaps. Given the data in Fig. 10 , it is clearly important to.keep the fiber length as short as possible. Simulations show that the spatial distribution of light exiting the bottom face of the BGO is quite uniform. Therefore we might expect square cross-section fibers which overlap the crystal surface completely, to give higher signal, although there will inevitably be some trapping in the corners of the square fiber. Measuremements from 30 cm lengths of 2 mm diameter square and round fibers (Bicron Corp., Newbury, OH) reveal that the square cross-section fiber results in a 14% signal increase relative to the round fiber.
B. Experimental Data from a BGOLFiber Detector
It is possible to get glass fibers with higher numerical apertures than their plastic counterparts. A glass fiber with numerical aperture of 0.66 (INCOM, Charlton, MA) gave a 13% higher signal than the Pol Hi Tec plastic fiber in agreement with the trends predicted in Fig. 8 . The one drawback of large diameter glass fibers is that they are completely rigid.
VII. DISCUSSION
In this study we have examined a number of issues related to maximizing the signal from a BGO/fiber detector designed for high resolution PET applications. We have shown measurements with a signal of >50 photoelectrons at 511 keV. This is certainly a sufficient signal for PET. However, improved timing and energy resolution will be realized if the signal can be improved further. Our data and simulations suggest that using square cross-section fibers of high numerical aperture, keeping the fiber lengths as short as possible, and optimizing the reflectors and surface treatment of the BGO could all further improve the signal.
We will now proceed to develop a prototype PET detector based on an 8 x 8 array of BGO crystals and fibers read out by a MC-PMT such as the Philips XP1702 [5]. Important issues which will need to be investigated are crosstalk and gain variation between adjacent channels in the MC-PMT and coincidence timing properties. We will also need to develop electronics to efficiently readout these 64 element devices. We will also continue to search for methods to increase the amount of scintillation light reaching the PMT.
